Abstract: Androgens are known to affect cognitive functions via organizational and activational effects. It is unknown whether the effects are mediated via the androgen receptor or after conversion to estradiol with aromatase via estrogen receptors. The aim of our study was to find out whether testosterone affects spatial memory directly or through its metabolite estradiol. Rats were treated with testosterone; with testosterone and the aromatase blocker anastrozole or saline. An 8 radial arm maze was used for testing spatial memory twice daily for 4 days. Each arm was baited with food, and the ability of animals to learn the location of food was assessed. Testosterone treated rats and control rats achieved comparable coefficients of spatial memory, although the plasma levels of testosterone differed markedly. Anastrozole treatment resulted in the worst performance in the maze. The differences between groups did not reach the level of significance. It can be concluded that aromatase and, thus, the conversion of testosterone to estradiol may play a role in spatial memory, as pharmacological blockade of aromatase led to a decrease in maze performace of adult male rats. Detailed molecular mechanisms should be the focus of further studies.
Introduction
Testosterone (TST) circulates in plasma bound to albumin and Sex Hormone Binding Globuline (SHBG), only a small amount (1-2%) is unbound and exists as the free fraction. Free TST is biologically active and activates the nuclear androgen receptor or the membranebound receptors, which are still under investigation. In addition, TST can act via it's metabolites. The enzyme 5α-reductase converts TST to dihydrotestosterone increasing the signalling via the androgen receptor.
Aromatase irreversibly converts TST to estradiol, which activates nuclear estrogen receptors.
Sex steroids have organizational effects that induce permanent changes of brain structures during the critical period in the early developmental phase [1] . These changes are related to cerebral nuclei volume, individual neuron size and to number and/or density of cerebral cells in certain areas that show sexual dimorphism. Several papers confirming sexual differences in anatomic structures of animals of both genders were published in 70's. In 1976, Nottebohm and Arnold [2] showed expressive sexual dissimilarities of cerebral nuclei in song-birds. Some nuclei were five to six times larger in males in comparison to females. Gorski et al. [3] confirmed gender dimorphism of hypothalamus preoptic area nucleus (SDN-POA -Sexually Dimorphic Nucleus of the PreOptic Area) in rats. Castration of male rats results in a smaller SDN-POA in adulthood. However, early administration of androgens leads to a larger SDN-POA. This supports the organizational hypothesis, as the same manipulations in adulthood do not influence the size of SDN-POA. Later, Jacobson and Gorski [4] discovered, by thymidine autoradiography, that the SDN-POA neurons are formed on the 18 th day of gestation. The increase of TST levels, immediately after birth was confirmed by Weisz and Ward [5] .
Conversion of TST to estradiol plays an important role in sexual differentiation of spatial memory [6] . Williams and Meck [7] uncovered that early postnatal treatment of male rats with aromatase inhibitors worsens spatial memory. On the other hand, there is some evidence that androgens directly, and not estradiol, are responsible for the formation of sexually dimorphic telencephalic structures. Fitch and Denennberg [8] administered TST propionate to female rats during the first four days after birth, resulting in the thickening of the corpus callosum, whereas administration of a synthetic estrogen (diethylstilbestrol) had no effect. Hippocampus is a key structure for memory including spatial memory [9] , The androgen receptor is highly expressed in several hippocampal areas [10] . In adult male rats, androgen administration influences spontaneous and glutamateinduced activity in CA 1 pyramidal cells [11] .
The aim of our study was to describe the effects of TST administration on spatial memory and learning in adult male rats and to analyze whether the effects are mediated via aromatase and estradiol.
Experimental Procedures

Animals
Twenty-two adult male Wistar rats (a kind gift from the Faculty of Medicine, Košice, Slovakia) with ad libitum food and water access were randomized (Control -C, Testosterone -T, Anastrozole -A). The access to food was restricted 24 hours before maze tests. The experiment was approved by local ethics committee.
Interventions
Rats in the T group were injected with TST isobutyrate (Agovirin depot, Slovakofarma, Hlohovec, Slovakia; 5 mg/kg, i.m.) every second day for two weeks and saline daily (1 ml, i.p.). Rats in the A group received TST as described for the T group, and anastrozole daily (Arimidex, Astra Zeneca Pharmaceuticals, Macclesfield, UK; 250 µg in 1 ml, i.p.). Control rats in the C group received saline intramuscularly and intraperitoneally.
Spatial memory
To assess spatial memory a closed 8-armed symmetric maze was used. The maze consisted of central plate and 8 arms. At the end of each arm food pellets could be placed as a reward. During the whole experiment the maze was in a room with good illumination and the same extra-maze object arrangement. After 24 hours of food deprivation the rats were placed on the central plate and let move freely. All rats were in the maze until they found all food pellets placed at the end of all arms, or until they made 30 entrances into arms. An entrance was defined as passing the midline of an arm. Rats were tested twice daily for 4 days. The Coefficient K was calculated considering both, the food finding f and the arm entering e:
Biochemical analysis
Two days after the last maze experiment, rats were decapitated under pentobarbital anaesthesia and 2 ml of blood were taken and centrifuged (4000 x g, 10 min). Plasma was frozen until measurement. Total TST, free TST and estradiol were determined by radioimmunoassay, using Architect (Abbot) with DSL_4900 kit (Webster, Texas, USA).
Statistical analysis
Data were analysed using repeated ANOVA and Oneway ANOVA with Scheffé post-hoc test. Microsoft Excel ® 2000 and XLStatistics 5.51 software were used for the analysis. P values less than 0.05 were considered significant. Results are presented as means or as mean + standard deviation where appropriate.
Results
Rats receiving TST (groups T and A) had the highest levels of free and total TST (Figures 1 and 2) . No significant differences between groups were found in estradiol (data not shown). There was a significant improvement of maze performance among all three groups when comparing day 2 and day 3. Groups C and T had very similar dynamics of performance. The A group had the tendency to perform worst of all groups, although this observation was not statistically significant (Figure 3 ).
Discussion
Sex hormones influence the hippocampus which is vital for learning processes. We expected the A group to have the highest TST levels, as anastrozole acts as a blocker of TST conversion to estradiol. Surprisingly, the highest TST concentrations were found in rats from the T group. This might be caused by different pharmacokinetics of depot TST and rapid acting anastrazole. Another potential explanation is that anastrozole decreased the levels of sex hormone binding globulin, leading to temporally increased free TST levels and the suppression of luteinizing hormone. The lack of stimulation of TST production may cause the unexpected concentrations at the end of the study. In future studies it will be crucial to analyze the intraindividual kinetics during the experiment.
The A group performed worst in the maze indicating the importance of aromatase for the spatial memory. However, the differences between groups were not significant. The low number of animals per group and high interindividual variability might explain the lack of significant results. We could not confirm the activational effect of TST as the dynamics of maze performance was comparable in the T and C groups.
Estradiol can elongate the excitation postsynaptic potential and increase the possibility of repeated activation in CA1 pyramidal neurons [12] . Estradiol acts as a desinhibitor of pyramidal neurons allowing NMDA receptor activation [13] . Estrogens also modulate the central serotonergic system, although the exact mechanism remains unknown [14] . These indices point towards the possibility that TST may act on brain structures via aromatase and estrogen receptors. Rapid non-genomic effects of steroids including estradiol and TST must be taken into account. An important insight can be expected after identification of membrane-bound steroids receptors in the coming years.
In conclusion, aromatase seems to play a key role in spatial memory, as aromatase inhibition worsens spatial memory in rats. Further studies concentrating on subcellular and molecular effects of aromatase inhibition directly in the central nervous tissue are needed. Spatial memory assessed using the coefficient K during the experiment. All groups improved their performance between day 2 and 3 (P<0.05 for group C, P<0.02 for group T, P<0.05 for group A). The differences between groups were not significant, although the A group tended to achieve lower coefficient K.
